Ground source heat pump (GSHP) is an innovative and perspective technology able to use the ground as a thermal sink or heat source. If combined with system operating at relatively low temperature, it represents a high efficiency solution for the heating of buildings. Complementarily, during cooling operation it has a good advantage with respect to air-cooled systems, because the ground temperature is stably lower than the outdoor air one. Geothermal heat pump systems are able to reduce the environmental impact of buildings for space heating and cooling by using the ground as an energy renewable source. This paper presents a review on the GSHP systems presenting both a summary of different ground-source typologies of heat pumps and a thermodynamic approach for their modeling. The irreversible thermodynamic approach is here summarized and exposed for a complete GSHPs system. This analytical approach is particularly useful for implementing an optimization design tool for GSHP systems. Recently many works have 2 been published about exergy analysis of these systems. Those works suggest that future lines of development may be considered: a) the optimization based on the transient performance of GSHP systems and not on the sole design condition; b) the integration of irreversible thermodynamic optimization approach into the algorithms of control systems. The diffusion of optimized GSHP systems is essential in order to reduce fossil fuel consumption and CO 2 emissions, complying with the EU's directive.
Introduction
On April 23 rd 2009, The European Parliament and the Council adopted the Directive 2009/28/EC on the promotion of the use of energy from renewable sources: it represents the European Union common basis for the promotion of renewable energy [1] . Moreover, economic strategy for the sustainable development suggest both to improve energy efficiency and to introduce a rational use of energy in all the member states of the European Union [2] .
Globally, the energy required in buildings for lighting, heating, cooling and air conditioning, is around the 40% of the total world annual consumption, with a considerable environmental impact due to the related CO 2 , NO x and CFCs emissions [3] . Nowadays, heat use for space heating and hot water generation requires around the 80% of the energy demand in houses and utility buildings.
Moreover, during the last decades, a considerable increase of the global electrical consumption due to air conditioning demand and the related peak power demand has been pointed out in summer season [4] [5] [6] . Consequently, new power plants for electrical energy production are required.
Moreover, an increase in the peak electricity cost has been pointed out.
Since 1997, when Montreal Protocol has been approved, governments agreed to phase out refrigerants which potentially destroys stratospheric ozone, to reduce energy consumption, to 3 decrease the rate of energy reserves use and of pollution. Consequently, a renewed interest has increased in cooling and heating technologies in order to reduce their environmental impact [3] .
So, buildings can represent a fundamental topic of investigation in order to use its cost effective potential for energy savings, also related to the reduction of green house gas emissions.
The fundamental way for building energy consumption reduction for heating, lighting, cooling, ventilation and hot water supply, is to a more accurate energy design buildings [3] [4] [5] [6] [7] . Innovative renewable would contribute to preservation of the environment by reducing the emissions at local and global levels. A new theoretical and design approach is required to integrate renewable energies in high performance building [3, 8] .
Heat pump is a thermal installation which is based on a reverse Carnot thermodynamic cycle which yields thermal energy at a higher temperature. Heat pumps enable the use of ambient heat at useful temperature level need electricity or other form of energy to function. The above-mentioned directive could open new opportunities for the diffusion of heat pumps for heating and cooling in buildings. Among the different kinds of heat pumps for heating and cooling of buildings, the ground source heat pumps (GSHP), known also as geothermal heat pump systems or geo-exchange systems, represent a new modern and perspective technology. Indeed, they use the heat stored beneath the earth surface as a thermal sink. GSHPs represent an alternative energy source for buildings heating and cooling applications. The GSHP applications are characterized by their relatively low operative temperatures. Their applications [15, 16] can be in one of the three following categories of geothermal energy resources:
1. high-temperature (> 150°C)} electric power production, 2. intermediate-and low-temperature (<150°C) direct-use applications;
3. GSHP applications (<32°C).
They can be considered a next future technology for saving primary energy as well as for heating and cooling cost reduction. Their fundamental components are the ground side, the heat 4 pump and the building, designed by taking care of the whole system, such that achieving the most effective operation for a good building comfort [9] [10] [11] [12] [13] [14] .
During the last years, GSHP have seen a market increase in some European countries among them Sweden and Switzerland are leading since the first 1980s.
This paper wish to review the GSHP systems. They use ground-source as a heat source or sink. To do so, in Section 2 a summary of the GSHP technologies is developed, Section 3 review the ground heat exchanger (GHE) modelling state of the art, in Section 4 the irreversible thermodynamic approach for their modeling is recalled.
Ground-source heat pumps technologies
In this section, a brief description of the present GSHP technologies is developed. The design and the relative cost of the system is affected by the geological properties, the subsurface temperatures, the thermal and the hydrological properties of the site. Consequently, system performance depends on the uncertainty in design input parameters, with particular regards to the temperature and thermal properties of the source. The GSHP systems general scheme is represented in Figure 1 . It is composed by [15, 16 ]:
1. The load side with an air-water or a water-water loop in relation to the application considered;
2. The refrigerant loop of the water source heat pump;
3. The ground loop in which water exchanges heat with the refrigerant and the earth.
The system absorb heat at a low temperature level and reject it to a higher temperature level [15, 16] . The GSHPs use the thermal energy stored in the earth through two main different geometries of the circuits, vertical or horizontal heat exchange systems buried in the ground, as represented in Figure 2 . The system can work both as a refrigerator and as a heating system, with the possibility of obtaining a dual-mode GSHP systems by using a reversing valve to switch 5 between heating and cooling modes, by reversing the refrigerant flow direction. In relation to the technology used, the GSHP systems can be classified in four categories [8] :
1. GWHP, ground-water heat pump systems, also known as open-loop systems, are the original type of GSHP system, first installed in the late 1940s [11] . They are vertical GWHP systems, which involve wells and well pumps in order to supply ground water to a heat pump or directly to the applications. The used ground water is discharged to a suitable receptor. Designing is based on the knowledge of some conditions related to the groundwater availability and its chemical quality. They are interesting systems for their low cost, simplicity in realization and small amount of ground area necessary. Disadvantages and problems are related to the possible limited availability and poor chemical quality and to ground water withdrawal and re-injection;
2. GCHP, ground-coupled heat pump systems, known as closed-loop GSHP systems [17] .
They were developed during the 1970s with the advantage of overtaking the problems related to the ground water quality and availability. Moreover, they uses less pumping energy than the previous systems because of the less elevation required [18] . In these systems, heat rejection and extraction is obtained by a high-density polyethylene pipe heat exchanger buried in vertical boreholes (Figure 2a ) or horizontal trenches (Figure 2b ). This fluid used can be water or an antifreeze solution. In the case of vertical borehole GCHP systems, the ground heat exchanger can be composed of (30.5-120 m)-deep and (76-127 mm)-diameter boreholes, backfilled with a material that prevents contamination of ground water, and with a (19-38 mm)-diameter U-shaped pipe through which the heat exchange fluid flows [19] . One of the difficulty in the vertical GCHP design consists in the appropriate sizing the depth of boreholes [20] . In horizontal GCHP systems, ground heat exchanger is composed of a series of (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38)  the open-loop type, in which screened intake area is used to extract water from the surface-water body. Then, the water is discharged to a receptor;
At the present, this technology is still in developing;
4. SCW, standing column well systems ( Figure 3 ), in which water is pumped out and in a standing column in a deep well bore. The borehole, which allows the heat exchange fluid to be in direct contact with the earth, has diameters of about 15.2 cm with a depth of 457.2 m.
They have very significant installation costs Table 1 summarizes and compares this category.
Initially, ground-coupled heat pumps were introduced in rural, residential applications [22, 23] , while their improvements for high level of comfort and low operating costs have allowed the market to be expanded to urban and commercial applications. For example, in USA, in 1985, the GSHPs installed in residential and commercial applications were 14,000, in 1990 around 100,000, in 1999 about 400,000: between the years 2000 and their annual energy use grew at a rate of 30.3%, while their installed capacities increased by 23.8% [24] .
Their coefficient of performance (COP) is usually in the range 33.8 because these systems work using the sink earth temperature which can be considered constant (the geothermal gradient is 7 around 30°C km -1 ) at its working depth (6100 m). Moreover, they use water as a heat transfer medium which has a high heat capacity. The usual method of ground coupling consists in burying thermally fused plastic pipe in horizontal or vertical accommodation, using a circulator pump for water or antifreeze solution as thermal working fluid in heat exchanger such that no water enters the system from the ground. A less used system consists in a direct expansion such that a refrigerant lines are buried in the ground and the intermediate heat exchanger and fluid are eliminated [15] .
Another rarely applied system, for vertical application only, uses heat pipes filled with phase changing CO 2. The principal difficulty to rapid implementation of the GSHP is represented both by the technology involved and by their costs, even if some progresses have been made in their use for system integration, with the result of reducing the cost of the ground heat exchanger (GHE), of improving collector configuration and their control systems [15] .
Thermodynamic analysis of the GHE (Ground Heat Exchanger)
Previously, the growing technological interest for the GSHP has been highlighted. Single borehole systems are generally used in residential applications, while multiple borehole systems for energy storage for commercial applications.
One of the fundamental key for their optimization is to obtain precise theoretical model for their designing. Indeed, their modelling is very complex because it requires a long-term steady-state temperature response; consequently, many simplified assumptions are usually introduced [25] [26] [27] [28] [29] [30] [31] [32] , even if these systems present transient responses, which would be taken into account. Moreover, their temperature response depends on the heat transfer inside the borehole and its heat conduction [26, 27] . The borehole thermal mass and heat transfer resistance are the fundamental heat transfer quantities interesting in the heat transfer process. Indeed, its resistance may be conductive, if it is filled with viscous liquid, or conductive-convective if there is advection or thermally induced convection in a water-filled hole [25] . Moreover, the heat flow depends also on other factors, i.e.
8 the location and the boreholes thermal relative interaction. The two most critical design quantities are the appropriate length and the balance of the ground loads [32] .
Many analytical and numerical models of different complexity have been introduced to design and optimize [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] :
 the heat transfer mechanism inside a borehole;
 the conductive heat transfer from a borehole;
 the thermal interferences between boreholes .
It is important to highlight that numerical models [33, 34] are useful both to obtain very accurate solutions and to develop parametric analysis, but they aren't so flexible and they require long computational times. Moreover, building energy simulation software cannot incorporate these numerical models, with a consequent limited practical application for these numerical method.
A possible useful solution is to use hybrid models [35, 37, 39] , used to calculate numerically particular temperature response functions that can be incorporated into the building simulation software.
But, the preferred models for practical applications are the analytical models [41, 43, 44, 46, 47] ; indeed, even if they are less precise than the previous ones, they present small computational times and great flexibility for parameterized design. Their sole imprecision is related to the theoretical assumptions introduced.
All the model for the thermodynamic analysis of GHE are based on the evaluation of a relation of the kind:
where T is the temperature of the borehole, surrounded by an infinite homogeneous medium at 1. The analytical infinite length line source [23] : the Kelvin's theory on line source [48] has been implemented in order to obtain a radial heat transfer model. The ground heat exchanger is represented with a infinite length line source. It is assumed that the ground heat exchanger has a constant heat output. The result of this model is the following temperature difference [25] :
where Ei is the exponential integral function. Ei can be extended on the whole complex plane as [49] :
In our case we use the Fourier number Fo, which is a real number, consequently the equation (2) results:
Last, if we need to use this equation in a building energy simulation software we can use its numerical expression [49] :
being  the Euler-Mascheroni constant [50] :
and H n the n-th harmonic number [51] :
Consequently, remembering the expression of the natural logarithm, the expression for equation (2) for a building energy simulation software results: 
where J x are the x-th order Bessel function of the first kind, defined considering the BourgetGiuliani functions [52, 53] 
The integral in relation (9) is known as G-factor and it is usually evaluated as an approximated and tabular value [23, 36] : 
where t is the time, q  is the heat power extracted, H active borehole dept and a is ground 
GSHP efficiency analysis: first law and irreversible thermodynamic approaches
The best system, from an energy point of view, is the one which uses less energy to obtain the same useful output [55] . In the vast majority of GSHP application, driving energy for the heat pump is electricity, whose production depend on the energy mixes of each country. Thus, the thermodynamic efficiency of a GSHP is also related to the technological and ecological development of the single country of application.
In order to evaluate the energy efficiency, two different thermodynamic approaches must be considered:
1. The first law analysis, known also as the net energy analysis: it allows tracing the energy flows useful to produce products or services. Its mathematical expression is the energy balance:
where G is the mass flow, h is the specific enthalpy, e k and e p are the kinetic and the potential specific energy, Q is the exchanged heat and W the work done. From this equation a useful formulation of the first law efficiency was proposed [56] as:
where useful out H represents the raw energy resource converted to useful energy, met downstream as final or end-use demand [57] , while H in is the input enthalpy; 2. The second law analysis, also known as the entropy or the exergy analysis: this law allows taking into account the degradation of the energy due to irreversible processes. In relation to this analysis the exergy balance equation:
where G is the mass flow, ex is the specific exergy, Ex Q is the exergy associated with the exchanged heat Q, Ex W is the exergy associated with the work done W and I = Ex in -Ex out is the exergy loss for irreversibility. From this equation, a useful formulation of the second law efficiency was proposed [58] as:
First law analysis does not consider the energy quality, while the second law allows pointing out that not all the heat input can be converted into useful work, because of irreversibility. This law 13 requires the definition of parameters that allow quantifying the maximum amount of work achievable in a given system with different energy sources: this quantity is the exergy Ex defined as the available energy for conversion from a reservoir with a reference to the ambient environmental temperature [59] . So it represents the thermodynamic quality of the energy of a system [56] .
In the last decades, the irreversible thermodynamic analysis of natural and engineering systems has been developed . In this section, the entropy generation approach to the GSHPs will be summarized and developed.
To do so, we consider the system represented in Figure 5 , composed by a compressor, a condenser, an evaporator, a fan-coil unit and a ground heat exchanger [81] . In order to develop this approach any component is considered and the exergy, entropy and mass flows. In relation to 
where m  is the mass flow, c W  is the mechanical power of the compressor, h is the specific enthalpy, Ex  is the exergy lost by the compressor, ex is the specific exergy defined as:
where s is the specific entropy and 0 means environmental;
2. for the condenser: In the recent past some works reported exergy analysis of GSHP [86] .
Akpinar and Hepbasli [87] performed a comparative exergy analysis of two types of GSHP systems installed in Turkey-based on operational data. Hepbasli and Akdemir [88] reported energy and exergy analyses of an experimental GSHP system, which was found to have coefficient of performance (COP) values ranging between 1.45 and 2.88. A GSHP drying system was also analyzed to determine drying performance parameters from an exergetic point of view [89] and
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[90]. Ozgener and Hepbasli [91] modeled a solar-assisted vertical GSHP greenhouse heating system, determining an average exergy efficiency of 68.1%, while its COPs was ranging from 2.27 to 3.14. Bi et al. [92] presented a comprehensive exergy analysis of a GSHP system. This work showed that the GSHPs normally have considerably low exergy efficiency and thermodynamic perfection, suggesting a great potential for design enhancement through thermodynamic optimization.
Li and Lai [93] applied the entropy generation minimization (EGM) method for the design optimization of a vertical GHE. In their study, the analytical expressions were developed to determine both the optimal borehole depth and flow velocity. Su et al. [94] used the same EGM method, numerically solving the problem by using a genetic algorithms. The results showed that the total system cost (i.e. the upfront cost plus the first10-years operation cost) of the system optimized by mean of EGM was 5.5% lower than the originally designed one.
All these optimization studies considered design working condition. In a GSHP system there are many transient variables: the temperature of the water flowing out from the borehole could have variation of some Kelvin degrees during an hour, and heating or cooling loads of buildings can vary hourly, as well. Intermittent working GSHPs have been proved to be more effective than systems working in continuous mode. The comparison of the coefficient of performance of the GSHP, between intermittent and continuous modes, denotes that the average COP of the GSHP system, when operating in heating and intermittent mode, is larger than that in the continuous mode by a factor that may range from 9%, after 100 h of operation, up to 12%, after 40 h of operation [95] .
This fact suggests that optimization based on design conditions should evolve into dynamic optimization over a year cycle. In a recent work, Baccoli et al. [96] performed a time-profile calculation of exergy consumptions of two heat pump systems, one exploiting GHE and one harvesting heat from air. They found a relation for the instantaneous differences of the two system's exergy consumptions in heating and in cooling mode.
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The studies reviewed in this paragraph demonstrated the reliability of the irreversible approach, which is based on analytical, but has been implemented in different tools for designing or for analyzing GSHP.
However, these works did not optimize configuration on the base of time-dependent exergy calculations, but they optimized the configuration parameters under a design condition or they performed time-depended exergy analysis, after final dimensioning. Moreover, they did not consider the possibility of a variable configuration of the system. For example, a variable mass flow rate could be easily considered, both for GHE exchanging fluid and for refrigeration gas. Whenever a variable configuration is envisaged, a dynamic exergy optimization could be leveraged. A future category of dynamic control systems, which implement entropy generation minimization methods into their operating algorithm, could foster variable working parameter GSHP.
Conclusions
This paper reviews the available different GSHP technologies, the thermodynamic analysis of these solutions and the application of entropy generation approach to GSHP.
GSHP are increasingly affirming technologies. Their COP (Coefficient of Performance) is usually in the range 3-3.8. Different configurations of the ground heat exchanger exploit ground heat source from the surface down to a depth of 450m.
Several models of the ground heat exchanger of different complexity were introduced, in order to better design and optimize these system configurations. The precision of the theoretical models is an important parameter for correctly optimizing these solutions. The presented models are analytical, considering their better practical application if compared to the more precise numerical models. These last ones, in fact, are not so flexible and requires high timing and working efforts.
Additionally, numerical models are not interoperable with software used for building energy simulations.
The paper has then reviewed the entropy generation approach for GSHP systems. This analytical approach is particularly useful since it allows a simple implementation in design tools, considering the possibility to automatically optimize the design process. The general application of this approach to the GSHP is explained and recent works on the topics are recalled. The seasonal average exergy efficiency of GSHP has been calculated around 68%, which suggests a huge optimization potential. Moreover, the entropy generation optimization can reduce by a 5.5% the installation costs of the system. From this review, it emerges that two possible lines of evolutions can be considered for future development:
1. 2 nd law optimization can be considered under a dynamic approach, since the design operating conditions could vary significantly, during a single day and during the season;
2. The 2 nd law optimization could be implemented into a control algorithm, operating on a set of variable configuration parameters, such as mass flow rate into the U-tube borehole, on the basis of a time-running calculation of minimum entropy.
These improvements could likely enhance the efficiency of GSHP systems and increase their potential for reduction of CO 2 emission, following the global target of sustainability. 
